The aerial architecture of plants is determined primarily by the pattern of shoot branching. Although shoot apical meristem initiation during embryogenesis has been extensively studied by molecular genetic approaches using Arabidopsis, little is known about the genetic mechanisms controlling axillary meristem initiation, mainly because of the insufficient number of mutants that specifically alter it. We identified the LAX PANICLE (LAX) and SMALL PANICLE (SPA) genes as the main regulators of axillary meristem formation in rice. LAX encodes a basic helix-loop-helix transcription factor and is expressed in the boundary between the shoot apical meristem and the region of new meristem formation. This pattern of LAX expression was repeatedly observed in every axillary meristem, consistent with our observation that LAX is involved in the formation of all types of axillary meristems throughout the ontogeny of a rice plant. Ectopic LAX expression in rice caused pleiotropic effects, including dwarfing, an altered pattern of stem elongation, darker color, bending of the lamina joint, absence of the midribs of leaves, and severe sterility. O rganogenesis occurs in plants throughout their lifetimes. The main axis of growth is determined by the production of two meristems: a primary shoot apical meristem (SAM) and a root meristem at embryogenesis. During postembryonic development, plants initiate a multitude of growth axes by forming new meristems called axillary meristems, which are generated in the axils of leaves and give rise to branch shoots and flowers (1). Therefore, the pattern of axillary meristem initiation and development is a key factor in determining plant architecture. Significant progress has been made on the molecular genetic analysis of SAM initiation during embryo development; however, little is known about the initiation of axillary meristems.
O rganogenesis occurs in plants throughout their lifetimes.
The main axis of growth is determined by the production of two meristems: a primary shoot apical meristem (SAM) and a root meristem at embryogenesis. During postembryonic development, plants initiate a multitude of growth axes by forming new meristems called axillary meristems, which are generated in the axils of leaves and give rise to branch shoots and flowers (1) . Therefore, the pattern of axillary meristem initiation and development is a key factor in determining plant architecture. Significant progress has been made on the molecular genetic analysis of SAM initiation during embryo development; however, little is known about the initiation of axillary meristems.
The development of an axillary meristem is controlled by two distinctive steps, namely, the initiation of a new meristem in the axil of a leaf and its outgrowth. Mutations that exhibit an altered pattern of axillary bud outgrowth have been described for various plant species (1), e.g., Arabidopsis auxin resistant1 (2) , supershoot (3), max1, and max2 (4) and maize teosinte branched (5) . On the other hand, there are only a few mutants in which the axillary meristem initiation is specifically altered. Maize barren inflorescence 2 (bif2) (6) and barren stalk1 (ba1) (7) , Arabidopsis revoluta (rev) (8, 9) , tomato lateral suppressor (ls) (10) and lateral suppressor of Arabidopsis (las), its cognate ortholog in Arabidopsis (11) , tomato blind (bl) (12) , and rice lax panicle (lax) (13) and monoculm 1(moc1) (14) are categorized in this class of mutants. The bif2 and ba1 exhibit severe suppression of all types of axillary meristems, implying that they are involved in genetic pathways controlling the general steps of axillary meristem initiation. Similarly, defects are observed in all types of lateral branches in tomato bl and Arabidopsis rev; however, the expressivity of their mutant phenotypes is relatively low, and the axillary meristems are produced in reduced numbers. In the tomato ls and rice lax, the effects are developmental stage-specific, and only a subset of the axillary meristems is affected. In ls, axillary meristem formation is completely blocked in the vegetative stage, whereas defects are subtle during reproductive development. In contrast, lax mutants represent the opposite pattern in which vegetative branching is normal but the axillary meristems are severely blocked in the mutants reproductive stage. The molecular genetic basis for this developmental stage-specific regulation of axillary meristem formation remains to be elucidated.
LS, REV, and BL have been cloned and shown to represent distinct classes of transcriptional regulators (8-10, 12, 15) , whereas molecular cloning of ba1 and bif2 has yet to be reported. Recently, the rice MOC1 gene was reported to be an ortholog of the tomato LS and Arabidopsis LAS (14) . Despite the progress made in the molecular cloning of genes, our knowledge of axillary meristem formation is still fragmentary. The downstream targets of these putative transcriptional regulators and their upstream regulators are not known, and the interactions between the genetic pathways are poorly understood. One obvious reason for this retardation is the insufficiency of mutants. Moreover, because the mutants are not combined in a single plant species, comprehensive genetic analysis is very difficult. Considering the number of advantages as a model species for molecular and genetic work and its importance as a major crop species, we chose rice as the model to study the molecular and genetic mechanisms controlling shoot branching.
During their development, the rice plants showed a monopodial growth pattern of shoot branching. Rice plants generate tillers as axillary meristems in the axil of leaves produced in 180°p hyllotaxy during their vegetative growth phase (Fig. 1A ) (16) . Upon transition to the reproductive phase, the developmental program switches to the formation of a panicle, a rice inflorescence. The primary SAM produces several axillary meristems that become panicle branches. The apical meristem of the panicle branches behave as the primary SAM and sequentially produce higher-order axillary meristems. The first few meristems produced grow as secondary panicle branches, and the later meristems develop into lateral spikelets. Finally, the apical meristems of the primary and secondary panicle branches are transformed into terminal spikelets. Therefore, in the rice panicle, panicle branches and lateral spikelets are produced as axillary meristems (ref. 16 and Fig. 1 A) . In this article, we report that the LAX and SMALL PANICLE (SPA) genes function in an overlapped genetic pathway that controls the axillary meristem initiation in rice and that the developmental stage-specific defects in lax and spa mutations are conferred by a redundancy of the two genes. We isolated the LAX gene and showed that it encodes a putative transcriptional regulator containing a basic helix-loop-helix (bHLH) domain.
LAX expression was observed in the region where new axillary meristems initiate, consistent with our proposal that LAX is involved in axillary meristem initiation throughout the ontogeny of a rice plant.
Materials and Methods
Plant Materials. The lax mutant alleles analyzed in this study are shown in Table 1 . The lax-1 and lax-2 alleles in Shiokari background were as described (13) . lax-3 was found among a population of tissue culture-regenerated plants, and lax-4 and lax-5 were generated by 1-methyl-1-nitrosourea treatment. The spa mutant (cv. Taichung 65) was generated by ethyl methanesulfonate treatment. A lax-1 mutant with cv. Murasaki-higeyori was used for the production of lax spa double mutant.
Cloning the LAX Gene. Rough mapping of the LAX locus was obtained by using cleaved amplified polymorphic sequence (CAPS) markers that were produced by using sequence information provided by the National Institute of Agrobiological Sciences. Fine mapping of the LAX locus was performed by using dCAPS markers generated according to Michaels and Amasino (17) . To isolate LAX cDNA, a cDNA library made from rice inflorescence mRNA (18) was screened by using a probe amplified by PCR with primers PG1-427 (5Ј-CTCTCAAGCCGC-CACGTGTA-3Ј) and PG1-1447 (5Ј-TGGACGAAGACA-CAGCAAGG-3Ј). The probe covered the predicted gene, PG1 (see Fig. 3A ). The resultant LAX cDNA was rescued as a phagemid (pBSLAX1) as described (18) .
Genomic DNA was amplified from lax-3, lax-4, and lax-5 mutants by using primers PG1-427 (5Ј-AGATTGGCCATGAC-GATGG-3Ј) and PG1-2480 (5Ј-AAGGAGGGCTAGCTT-GATGG-3Ј), and the amplified fragments were purified with the QIA quick PCR Purification Kit (Qiagen Sciences, Germantown, MD) and sequenced with an ABI DNA Sequencing Kit (Applied Biosystems).
In Situ Hybridization and Histological Analysis. In situ hybridization was carried out as described (18) . Antisense and sense probes of LAX containing a 458-1,080 region of the LAX cDNA were generated from pBSLAX1. The antisense probe for OSH1 was generated as described (13) . For histological analysis, leaves were embedded in 3% agarose, cut into 25-m-thick sections with a microslicer, and stained with toluidine blue.
RT-PCR.
For RT-PCR analysis, the first-strand cDNA was generated from random 9-mer primers (Takara Biochemicals, Ohtsu, Japan). Subsequently, the first-strand cDNA was used as a template for PCR with PG1-1116 (5Ј-GCCATCCACTACGT-CAAGTTCC-3Ј) and PG1-1447 (5Ј-TGGACGAAGACA-CAGCAAGG-3Ј) primers. A fragment of the Actin gene was amplified from the same cDNA as a standard control to normalize the cDNA amount in the RT-PCR analysis.
Rice Transformation. Transgenic plants were produced as described (19) . Ectopic expression of the LAX gene was obtained by using pBSLAX1 that had been cut by XbaI and EcoRV and subsequently cloned into the XbaI and SmaI sites of the binary vector pActnos͞Hmz (20) . The resultant vectors were introduced to Agrobacterium tumefaciens (strain EHA101) and used for coculture with rice calli. The Act::LAX chimeric gene was introduced to cv. Nipponbare. For the complementation test, calli were initiated from seeds harvested from WT͞lax-2 plants, and the genotype of each seed was determined by PCR. Only the calli carrying the lax-2͞lax-2 genotype were used for the coculture. For the PCR, PG1-1116 and PG1-1447 primers were used.
Results
LAX is required for axillary meristem generation during the reproductive phase (13) (Fig. 1B) . In strong mutant alleles of the LAX locus, such as lax-2 and lax-3, the initiation of lateral spikelets is completely suppressed, and panicle branches are also severely reduced (Table 1) . On the other hand, the defects were observed only in the lateral spikelets in lax-1, lax-4, and lax-5, which are weak mutant alleles of LAX.
To clarify the molecular basis of the impairment in the lax mutant, we examined the expression of OSH1, a rice KNOX gene, as a meristem marker (21) . In addition to being expressed in the SAM, OSH1 is expressed in every axillary meristem, as are KNOX genes in other species (22) (Fig. 1C) . In the normal development of axillary meristem initiation, OSH1 expression is down-regulated in SAM-derived cells that are destined to differentiate to bracts. Then, the OSH1 mRNA reappears in cells in the axil of the bract primordium, and these cells will develop to form the axillary meristem. Whether these cell are initiated de novo from differentiated cells (de novo initiation model) or derived from a portion of the primary SAM (detached meristem model) is still a matter of discussion (1, 23, 24) . Once a new meristem is initiated, OSH1 expression reappears. In lax-2, OSH1 expression in the primary SAM and its down-regulation were observed. Initiation of OSH1 expression in new meristems, however, was not detected (Fig. 1D) , suggesting that LAX specifically controls new meristem initiation and͞or maintenance.
Besides lax, we isolated another panicle branching mutant, small panicle (spa). In spa, the number of panicle branches and spikelets in a panicle was reduced (Fig. 2 A-D) . In particular, abolishment of primary panicle branches at lower nodes was prominent. Each primary branch was short in length, as shown in Fig. 2D , and secondary branches were rarely produced.
Whereas lateral spikelets were completely abolished in the lax-1 mutant, they were generated in the spa but their number was reduced (Fig. 2 A) . The lax and spa mutations exhibited dramatic synergestic effects on axillary meristem initiation. When the spa mutation was combined with even a weak allele of lax, lax-1, in which only lateral spikelets are affected, the panicle became a wire-like structure devoid of all branches (Fig. 2 A) . Furthermore, although the lax or spa single mutants showed little effect on tillering, vegetative shoot branching was almost completely suppressed (Fig. 2 E-G) . The phenotype of the double mutant clearly demonstrated that the formation of all axillary meristems in rice is under the control of a single genetic mechanism, in which LAX and SPA play crucial roles.
The LAX locus was previously mapped to the long arm of chromosome 1 (25) . We used a population of 719 F 2 plants obtained from a cross between Japonica (lax-2͞lax-2) and Indica (WT͞WT) and delimited the LAX region to within 82 kb (Fig.  3A) . Then, we found a long deletion in the lax-2 allele spanning Ͼ36 kb, which contained five predicted genes, PG1 to PG5. Sequencing these five genes in the lax-1 allele resulted in the detection of a retrotransposon insertion in PG1, whereas no mutations were found in the other four predicted genes. Sequence alterations were also identified in PG1 in the other lax alleles, suggesting that PG1 likely represents the LAX gene (Fig.  3B) . To obtain additional evidence of this, PG1 was introduced into lax-2 plants under the control of a rice Actin promoter that confers strong and constitutive expression in rice (26) . Five independent transgenic lines were generated, and three plants showed a rescued panicle phenotype and additional effects caused by ectopic LAX expression (described below). See Fig.  6 , which is published as supporting information on the PNAS web site, www.pnas.org, for a view of a panicle of a lax-2͞lax-2;ACT::LAX͞ϩ plant. Taking all of these findings together, we concluded that PG1 is the LAX gene.
We obtained a 1,080-bp LAX cDNA clone by screening a cDNA library prepared from very young inflorescences (18) . Sequencing of the LAX cDNA revealed that the LAX gene is intronless and encodes an ORF of 215 aa (Fig. 3C) . A bHLH domain was identified in its amino acid sequence, suggesting that LAX is a transcriptional regulator. The LAX bHLH domain showed high sequence similarity to that of other plant bHLH proteins and bHLH proteins predicted from the rice genome sequence (Fig. 3D and Fig. 7 , which is published as supporting information on the PNAS web site). Outside of the bHLH region, however, no other conserved domains were identified. A database search failed to identify cognate homologs of LAX in the Arabidopsis genome, suggesting a possibility that LAX represents a grass-specific regulator of shoot branching.
The expression pattern of LAX was examined by in situ hybridization. LAX expression was not detected in the vegetative SAM (Fig. 4A) . After transition to the reproductive phase, LAX mRNA was detected in a layer of one or two cells in width (Fig.  4 B and C) . To reveal the timing of LAX expression more precisely, we compared LAX and OSH1 expressions in consecutive sections. The analysis showed that the layer where LAX mRNA accumulated corresponds to the boundary between the new meristem and the SAM (Fig. 4 D and E) . Although this tissue layer was carefully examined, no discernable structures were apparent in the layer, nor are we aware of any published evidence for distinct structure in this position. The earliest LAX mRNA expression was observed when down-regulation of OSH1 in the incipient shoot branches occurred (Fig. 4 D and E, red  arrow) . The LAX expression was maintained after a new meristem started to grow (Fig. 4 D and E, green arrow) , but it gradually disappeared as the new meristem elongated (Fig. 4D , blue arrow). This pattern of LAX expression was repeatedly observed in every axillary meristem, including secondary panicle branches and lateral spikelets (Fig. 4F) . When a primordium of a tiller shoot initiated, LAX mRNA was detected in a few cell layers above the area surrounding the new meristem (Fig. 4G) . Expression of LAX in axillary meristems, which will give rise to tiller buds, is consistent with the lax spa double-mutant phenotype. In accordance with the normal development of the primary SAM in the lax spa double mutant, LAX expression was not detected during embryogenesis (Fig. 4 J and K) . No signal of LAX mRNA accumulation was observed in leaves, stems (Fig. 4  B, C, and G) , or roots (Fig. 8 , which is published as supporting information in the PNAS web site).
To obtain further insights into the LAX function, we produced transgenic rice plants expressing LAX under the control of a strong and constitutive Actin promoter (26) . Abnormal development was observed in 13 independent transgenic plants among 19 plants generated. Although the severity varied among the 13 plants, all showed the same phenotypic spectrum. Overexpression of LAX was confirmed by RT-PCR analysis (Fig. 5A) . A clear correlation between the severity of phenotypes and the level of LAX expression strongly suggested that the observed phenotypes were indeed caused by the ectopic expression of LAX (Table 2 , which is published as supporting information on the PNAS web site). A representative plant is shown in Fig. 5B . Act::LAX plants showed pleiotropic effects, including dwarfing, an altered pattern of stem elongation, darker color, bending of the lamina joint, absence of the midribs of leaves, and severe sterility (Fig. 5 C-E) . To our surprise, the pattern of axillary meristem initiation and morphology of the panicle and spikelet were not significantly altered. Among the abnormalities found in the Act::LAX plants, lamina-joint bending was of particular interest because it mimicked the response of rice leaves to exogenously applied auxin or Brassinosteroide (27, 28) . This finding raises the possibility that ectopic expression of LAX disturbed the signal transduction pathway of these hormones.
Discussion
LAX and SPA Play Overlapped Functions in Axillary Meristem Initiation. The molecular genetic mechanisms controlling axillary meristem initiation are relatively poorly understood as compared with that governing the primary SAM formation during embryogenesis. In many species, the pattern of axillary meristem formation depends on the developmental stage of the SAM even though the molecular basis of the developmental stage-specific regulation remains unknown. For example, in the tomato plant, axillary meristems are produced in a monopodial manner in the vegetative stage, which changes to sympodial growth after the transition to the reproductive phase (1). In the tomato ls mutant, axillary meristems are affected only in the vegetative stage, and inflorescences develop normally. This finding suggests that LS is involved in the vegetative stage-specific pathway for axillary meristem initiation. In contrast, vegetative branching is normal, but axillary meristem formation is severely suppressed in the reproductive development in the lax of rice (ref. 13 and this study). Maize lg2 mutants also show the reduction of tassel branches in a developmental stage-dependent manner (29) . Here, we demonstrated that the stage-specific defects in the lax mutation are caused by redundancy with another branching gene, SPA. Interestingly, the dependence of their functions is also developmental stage-dependent. During the vegetative stage, loss of either the LAX or SPA function is fully compensated by one or the other; however, lax or spa single mutations exhibit distinctive reproductive phenotypes in the panicle.
The bHLH transcription factors, which are conserved in all eukaryotes, are important regulatory components of transcriptional networks in many developmental pathways (30. 31) . Although the function of bHLH proteins has been well analyzed in animals, few plant bHLH genes have been studied in detail. Because bHLH proteins work as dimmers, a possibility that SPA is a dimerization partner of LAX and also encodes a bHLH protein is raised. However, because a large number of bHLH genes are present in plant genomes, and transcription factors of other classes, such as Myb are also possible candidates for partners of bHLH proteins (32) , the anticipation of the SPA sequence from genome database seems impractical. The molecular cloning of SPA, which is currently underway, is a prerequisite to obtaining further insights into the genetic framework controlling reproductive branching in rice.
LAX and SPA Are General Regulators of Shoot Branching in Rice. Our results also indicated the existence of a general regulatory mechanism that governs the formation of all axillary meristems, irrespective of the future identity of the branch shoots. Obviously, this pathway is independent of that controlling the primary SAM formation during embryogenesis because the development of the SAM is normal even in the lax spa double mutant. This notion was well supported by the LAX expression pattern, in which LAX mRNA was detected in all axillary meristems throughout postgermination ontogeny, but not during SAM formation during embryogenesis. Recently, it was reported that rice moc1 also exhibits severe defects in all axillary meristems, indicating that MOC1 is also a general regulator of the axillary meristem initiation in rice (14) . Analysis of genetic and molecular interactions among MOC1, LAX, and SPA will be important to establish the genetic framework for the axillary shoot branching of rice. Maize ba1 and bif2 and tomato bl mutants exhibit defects in all types of axillary meristems, suggesting that there are similar general pathways of shoot branching in maize and tomato. Based on the genetic analysis of ba1 and bif2 in maize, bl and ls in tomato act in independent pathways, suggesting there are multiple genetic pathways for axillary meristem formation (6, 12) . new meristems initiate; however, LAX mRNA accumulates in a boundary between the SAM and the place where a new meristem initiates. How LAX accomplishes its noncell-autonomous function is currently unknown. One scenario is that LAX enhances or amplifies a meristem-producing signal that is generated in the SAM and transmitted to cells destined to form a new lateral meristem. It is also possible, however, that the boundary-like expression of LAX excludes an inhibitory signal to ensure the initiation or maintenance of a new meristem. However, although the expression of LAX mRNA is indicative, the possibility that the LAX protein moves to the site for new meristem formation, as demonstrated for a number of genes involved in plant development, is also worthy of consideration (33, 34) .
Similar patterns of the boundary-like mRNA accumulation were reported for several genes, such as LATERAL ORGAN BOUNDARIES (LOB) (35) , LAS of Arabidopsis (11), CUP-SHAPED COTYLEDON (CUC)͞NO APICAL MERISTEM (NAM) (36, 37) , and BRANCHED SILKLESS1 (BD1)͞FRIZZY PANICLE (FZP) (38, 39) . The function of LOB protein is unknown, whereas LAS, CUC1͞CUC2͞NAM, and BD1͞FZP belong to different classes of transcriptional regulators involved in the developmental regulation. The fact that a number of different genes incidentally exhibit common conspicuous patterns of mRNA expression in the boundary between the SAM and a new organ primordium suggests that the cells in the boundary may have specific identity. The BD1 and FZP genes control floral meristem identity in maize and rice, respectively. Their primary function has been proposed to be the repression of the axillary meristem initiation, which ensures the transition to the floral meristem identity. The BD1 and FZP are specifically expressed in the axil of the glume from where an ectopic axillary meristem arises in the bd1 and fzp mutants, supporting an idea that the cells in the axil contain a distinctive identity and are important for proper developmental progression.
LAX Is a Grass-Specific bHLH Family Transcription Factor. Although a number of bHLH proteins showing high sequence similarity with LAX can be found in plant proteins, the sequence conservation was limited to the bHLH domain and did not extend outside the domain, even among proteins predicted from the genome sequence of Arabidopsis. Similarly, the BD1 and FZP do not have orthologs in the Arabidopsis genome; however, their orthologs can be found in a variety of grass species and exhibit high similarity throughout the amino acid sequence, implying an intriguing possibility that they evolved to establish grass-specific developmental systems. In fact, completion of the genome sequencing of Arabidopsis and rice revealed that a certain portion of rice genes does not have homologs in Arabidopsis (40, 41) . Although it is likely that LAX plays a grass-specific role in the axillary meristem formation, the function of MOC1, LS, and LAS seems to be well conserved between rice, a grass species, and tomato and Arabidopsis, dicot species, irrespective of the evolutional distance between these species (10, 11, 14) . In the near future, the isolation of more genes controlling the developmental pathways in grass species will provide further insight into the mechanisms whereby grasses established their unique developmental programs by using genetic mechanisms common to grasses and other plant species and evolving novel systems unique to grasses.
